The relationships between the pharmacokinetic properties of quinine during a 7-day treatment course and the therapeutic response were studied in 30 adult patients with uncomplicated falciparum malaria monitored for >28 days. All patients received a 7-day oral quinine regimen either alone (n ‫؍‬ 22) or in combination with rifampin (n ‫؍‬ 8). The median fever clearance time was 58.5 h, and the mean ؎ standard deviation parasite clearance time was 73 ؎ 24 h. After recovery, six patients had recrudescences of Plasmodium falciparum malaria and seven had delayed appearances of P. vivax infection between days 16 and 23. Between the patients with and without recrudescences, there were no significant differences either in fever clearance time or parasite clearance time or in the overall pharmacokinetics of quinine and 3-hydroxyquinine. Patients for whom the area under the concentration-time curve from 3 to 7 days for quinine in plasma was <20 g ⅐ day/ml had a relative risk of 5.3 (95% confidence interval ‫؍‬ 1.6 to 17.7) of having a subsequent recrudescence of infection (P ‫؍‬ 0.016). Modeling of these data suggested an average minimum parasiticidal concentration of quinine in plasma of 3.4 g/ml and an MIC of 0.7 g/ml for uncomplicated falciparum malaria in Thailand. To ensure a cure, the minimum parasiticidal concentration must be exceeded during four asexual cycles (>6 days).
The cinchona alkaloids have been important antimalarial drugs for more than 350 years. The principal alkaloid, quinine, still remains effective against chloroquine-resistant falciparum malaria, and it is widely used. Development of quinine resistance in Plasmodium falciparum has been relatively slow and incomplete by comparison with those of the other principal antimalarial drugs, e.g., chloroquine, mefloquine, and sufadoxine-pyrimethamine. In areas with multidrug-resistant strains, 7-day regimens of quinine and tetracycline still provide cure rates well over 90% in patients with uncomplicated falciparum malaria (4, 5) . To date there is no convincing evidence of high-grade quinine resistance in the treatment of severe malaria (9) . The pharmacokinetic properties of and therapeutic responses to quinine vary with age, pregnancy, immunity, and disease severity (2, 8, 14) . As patients recover from malaria, the total apparent volume of distribution of quinine expands and systemic clearance increases (13) . As a result, concentrations in plasma fall. In areas with resistant strains of P. falciparum in order to achieve good therapeutic responses in children, the dose of quinine must be increased after the 3rd day of treatment to compensate for this decline in the concentration in plasma which occurs with recovery (2) . These observations suggest that quinine concentrations must remain above levels which inhibit parasite multiplication throughout the course of treatment to eradicate the infection from the body (14) . Knowledge of the in vivo minimum parasiticidal concentrations and MICs (14) of quinine in patients with malaria are necessary for optimization of dosing regimens, but they have not been determined previously and quinine has a relatively narrow therapeutic ratio. In this report the relationship of the plasma quinine concentration profile to the therapeutic response has been examined in adult patients with uncomplicated falciparum malaria who were included in larger prospective clinical treatment trials in which the standard 7-day course of oral quinine was used (6) .
MATERIALS AND METHODS
Patients. This pharmacokinetic-pharmacodynamic study was conducted with adult male patients with acute P. falciparum malaria admitted to the Bangkok Hospital for Tropical Diseases, Bangkok, Thailand. Informed consent was obtained from each subject. Patients with severe malaria (15) or patients with mixed malaria infections were excluded. Patients who gave a history of drug hypersensitivity, who had taken any antimalarial drugs within the previous 48 h, or whose urine was positive in screening tests for sulfonamides (lignin test) or 4-aminoquinolines (Wilson-Edeson test) were also excluded. All patients were monitored for at least 28 days outside malaria transmission areas. These studies were approved by the ethics committee of the Faculty of Tropical Medicine, Mahidol University, Bangkok. The clinical responses of 10 of these patients have been published previously (6) .
Management. After clinical assessment and confirmation of the diagnosis from thick and thin blood smears, baseline blood samples were taken for routine hematology and biochemistry. All patients were treated with the standard 7-day oral treatment regimen: quinine sulfate (10 mg of salt/kg of body weight three times a day; Thai Government Pharmaceutical Organization) either alone or in combination with rifampin (15 mg/kg/day for 7 days; Merrell Dow Pharmaceuticals Inc.). These patients were part of larger therapeutic studies (6) .
Oral acetaminophen (0.5 to 1 g every 4 h) was given to patients with temperatures Ͼ38°C. Vital signs were recorded every 4 h until resolution of fever and thereafter every 6 to 12 h. Fever clearance time (FCT) was the time that it took for the body temperature to fall below 37.5°C and remain below this value for Ͼ48 h. Patients who were subsequently unable to stay in the hospital until clearance of both fever and parasites were excluded from the study. Reappearance of infection was assessed in patients who remained in Bangkok either in the hospital or at home (i.e., outside the malaria transmission area) for at least 28 days. Patients with recrudescences were retreated with a 7-day course of quinine (10 mg of salt/kg three times a day) combined with tetracycline (4 mg/kg four times a day; Thai Government Pharmaceutical Organization), and those who had late vivax malaria appearances were subsequently treated with the standard doses of chloroquine and primaquine.
Laboratory investigations. Parasite counts in Giemsa-stained thin films or thick films were measured every 12 h until clearance and thereafter daily for 28 days. Patients were hospitalized away from the area of endemicity so that reinfection could be confidently excluded. Parasite density was expressed as the number of parasites per microliter of blood, derived from the numbers of parasites per 1,000 red blood cells in a thin film stained with Giemsa or Field's stain or calculated from the white cell count and the numbers of parasites per 200 white blood cells in a thick film. Routine biochemical and hematological tests were repeated on days 7, 14, 21, and 28 after admission.
Quinine pharmacokinetics. Serial venous blood samples were taken for quinine level determination before at 12 and 24 h during treatment and then daily until day 7. All blood samples were taken before quinine intake. Each sample (4 ml) was collected in a heparinized tube and was immediately centrifuged at 1,500 ϫ g for 10 min. All plasma samples were stored at Ϫ20°C until analysis. Quinine and 3-hydroxyquinine (3OH-Q) concentrations in plasma were assayed by highpressure liquid chromatography as described previously (7, 12) . All drug measurements were carried out without the knowledge of the treatment regimens given to the patients.
Quinine pharmacokinetics were evaluated by noncompartmental modeling with the Win-NONLIN program (Statistical Consultants, Lexington, Ky.). The drug concentration profiles were expressed as the areas under the plasma drug concentrationtime curves (AUCs) from the time of the start of treatment to day 7 (AUC 0-7 ). The AUCs for quinine and 3OH-Q in plasma during the course of therapy were divided prospectively into those during the acute phase of illness (days 0 to 2) and those during recovery (days 3 to 7) (denoted AUC 0-2 and AUC 3-7 , respectively). Maximum concentrations in plasma (C max s) and the times to C max (T max s) were calculated from the 7-day sequential quinine and 3OH-Q concentrations.
Pharmacokinetic-pharmacodynamic analysis. Three assumptions were made: first, that the minimum parasiticidal concentrations (MPCs) were present throughout the treatment course in cured patients but fell below these values in patients with recrudescent infections; second, that the slope of the concentration-effect relationship was similar in vivo and in vitro; and third, that as rifampin did not shorten parasite clearance times (PCTs), it did not contribute significantly to parasite killing. The average MPC was therefore estimated as the concentration less than or equal to the minimum concentration in the average drug profiles of cured patients. Patients with recrudescences who presented with low drug levels were used to estimate the MIC, i.e., the concentration associated with a parasite multiplication rate of 1 per cycle.
Estimation of MIC.
The standard pharmacodynamic sigmoid E max model was assumed, as follows:
where E represents the effect of treatment on the parasite multiplication rate (PMR), rate denotes the parasite multiplication rate corresponding to effect E, E min is the effect on the parasite multiplication rate when no drug is present and is assumed to be equal to 0, E max gives the lowest multiplication rate or the maximum parasite killing rate under the treatment (E max is Ͻ1), ␥ is a slope parameter, C is the drug concentration in blood, and EC 50 is the concentration giving 50% of the maximum effect. The MIC is the concentration associated with a parasite multiplication rate of 1 per cycle, i.e., 1
Therefore, if, in the absence of drug, the parasite multiplication rate is equal to 10 
In our series of patients the lowest parasite multiplication rate, PMR(1 Ϫ E max ), ranges from 0.0005 to 0.003, so we can approximate the EC 50 as follows:
We have parasite counts available for the patients who recrudesced on day 2 (P2) and again on the day of recrudescence (PR). We assumed that after day 8 the treatment had no effect on the parasite multiplication rate. The relationship between these two parasite counts can then be expressed as
where C i is the geometric mean plasma quinine concentration over cycle i since day 2 (average concentration, assuming exponential decay for the drug concentration in blood), and cycle is the number of cycles since day 8 to recrudescence. As one parasite life cycle is 2 days, cycle ⅐ 2 is equal to the number of days. Figure 1 depicts the sequence of events in the model. As the MIC was estimated by using a number of assumptions, we also performed a sensitivity analysis with different values for ␥ (2.5, 3, and 3.5), the parasite multiplication rate (6, 10, and 20), and 1 Ϫ E max (0.0001, 0.00001, and 0.000001).
Estimation of MPC. MPC is the minimum concentration giving E max . As a sigmoid function never really reaches E max , E max is its asymptote, and we calculate MPC as a concentration reaching E max with precision ε, that is, [E max Ϫ E(MPC)]/E max ϭ ε, and we get MPC ϭ MIC[(1 Ϫ ε)/(PMR Ϫ 1)ε] 1/␥ . Statistical analysis. Normally distributed data were compared by unpaired t tests, and data not conforming to a normal distribution were compared by the Mann-Whitney U test. The cumulative cure rate was calculated by Kaplan-Meier survival analysis, and the cure rates were compared by the log-rank test. Correlations were assessed by the method of Spearman. All statistical analyses were performed with the SPSS statistical computing package (version 10.0 for Windows; SSPS Inc.).
RESULTS
Clinical responses. The study included 30 adult male patients with uncomplicated falciparum malaria and a mean Ϯ standard deviation (SD) age of 24.9 Ϯ 8.9 years. The majority of these patients (70%) came from the western border of Thailand, where multidrug-resistant P. falciparum is most prevalent, and more than half of the patients (60%) had a previous history of malaria. The mean Ϯ SD number of previous malaria infections was 1.7 Ϯ 1.1 (range, 1 to 5). All patients were treated with oral quinine (10 mg/kg 3 times/day for 7 days) either alone (n ϭ 22) or in combination with rifampin (n ϭ 8). All patients recovered following the treatment. The overall median FCT was 58.5 h (range, 4 to 152 h), and the mean Ϯ SD PCT was 73 Ϯ 24 h. PCTs were similar in those who received rifampin and those who did not. One patient had a prolonged FCT of 152 h; this was ascribed to a simultaneous respiratory tract infection. His parasitemia cleared normally in 29 h. There was a significant correlation between the overall FCT and PCT (r ϭ 0.48, P ϭ 0.007). During the 28-day monitoring period, six patients had recrudescent infections (two were treated with quinine alone and four were treated with quinine plus rifampin). These occurred at a Table 1 , the demographic data and baseline laboratory data were also similar between patients with and without recrudescences.
Quinine pharmacokinetics. Following quinine treatment, the quinine levels increased to an average maximum level within 1.5 days. The overall median peak concentration was 11.4 g/ml. The concentrations of the active metabolite, 3OH-Q, increased after the first dose of quinine and reached maximum values at 2.5 days, or 1 day after the T max of quinine ( Table 2 ). The AUC 0-7 for quinine was approximately 10-fold higher than that for 3OH-Q, but the AUC 0-7 s for the drugs were not correlated (r ϭ 0.23, P ϭ 0.22). The AUCs during and after the first 48 h (AUC 0-2 and AUC 3-7 ) correlated significantly for both quinine (r ϭ 0.73, P Ͻ 0.001) and 3OH-Q (r ϭ 0.87, P Ͻ 0.001). The median ratios of AUCs during and after the first 48 h (AUC 0-2 /AUC 3-7 ) were 0.45 (range, 0.27 to 1.46) for quinine and 0.30 (range, 0.07 to 0.98) for 3OH-Q. The overall AUC 0-7 for 3OH-Q correlated significantly with the AUC 0-2 of quinine (r ϭ 0.38, P ϭ 0.041) but not with the AUC 3-7 (r ϭ 0.23, P ϭ 0.21).
Quinine pharmacokinetic parameters and clinical responses. Both FCT and PCT correlated positively with the T max of quinine (r Ͼ 0.41, P Ͻ 0.024) and with the overall AUC 0-7 for quinine (r Ͼ 0.46, P Ͻ 0.011) (Fig. 2) and inversely with the ratio of quinine increments during and after the first 48 h (AUC 0-2 /AUC 3-7 ) (r ϭ Ϫ0.35 and P ϭ 0.054 for FCT; r ϭ Ϫ0.49 and P ϭ 0.007 for PCT). The overall ratios of quinine and 3OH-Q AUCs (AUC 0-7 quinine/AUC 0-7 3OH-Q) also correlated significantly with both FCT and PCT (r ϭ 0.42 and P ϭ 0.022 and r ϭ 0.39 and P ϭ 0.034, respectively). FCT and PCT were not related to the AUC 0-2 but significantly correlated with the AUC 3-7 for quinine (r Ͼ 0.47, P Ͻ 0.008) and correlated inversely with the first 3OH-Q increment (r Ͼ Ϫ0.37, P Ͻ 0.046). PCT also correlated inversely with the AUC 0-2 /AUC 3-7 ratio for 3OH-Q (r ϭ Ϫ0.39, P ϭ 0.036) and directly with the T max of 3OH-Q (r ϭ 0.42, P ϭ 0.020).
Quinine pharmacokinetics and clinical outcome. During the first 48 h of treatment, the profiles of quinine concentrations in plasma were similar for patients with or without subsequent recrudescences but were lower thereafter for patients with recrudescences (Fig. 3) . The serial concentrations of 3OH-Q were similar in both groups (Fig. 3) . Of the six patients with subsequent recrudescences, four had low AUC 3-7 s for quinine (Ͻ20 g ⅐ day/ml), low AUC 0-7 s for quinine (Ͻ35 g ⅐ day/ml), and high AUC 0-2 /AUC 3-7 ratios for quinine (Ͼ1.0). The proportions of patients with these pharmacokinetic characteristics were significantly higher among patients with recrudescences than among those with cures (P Ͻ 0.029). Patients with AUC 3-7 s for quinine less than 20 g ⅐ day/ml had a relative risk of a subsequent recrudescence of 5.3 (95% confidence interval [CI] ϭ 1.6 to 17.7) (P ϭ 0.016). The cumulative cure rate for these patients was therefore significantly lower than that for patients with higher AUC 3-7 s for quinine (P ϭ 0.005) (Fig. 4 ). There were no significant differences in the other pharmacokinetic parameters for quinine or 3OH-Q between patients with and without recrudescences ( Table 2) . In vivo pharmacodynamics of quinine. Estimation of the total parasite burden in individual patients with falciparum malaria is confounded by sequestration, but it can be approximated from the changes in peripheral parasitemia over time (14) . Parasite killing is a first-order process, while the concentrations in plasma exceed the MPC. The MIC results in a parasite multiplication rate of 1, and with an unrestrained approximate parasite multiplication rate of 10 per cycle, this is similar to the 90% inhibitory concentration (IC 90 ) value in vitro (11) . A model of in vivo parasite population dynamics for an average patient in this series is shown in Fig. 4 . By using data for the patients whose infections recrudesced, MICs were estimated by using different values of the three parameters: slope, E max , and parasite multiplication rate. These results are presented in Table 3 . The mean MIC was estimated to be 0.68 g/ml (95% CI, 0.65 to 0.71 g/ml) and the mean MPC was estimated to be 7.25 g/ml (95% CI, 3.12 to 3.41 g/ml) as- suming a slope of 3 (1), E max equal to 0.9999, which is a 3-log reduction in the parasite count over a cycle, and ε equal to 0.0001. With ε equal to 0.001, the MPC estimate falls to 3.36 g/ml (Fig. 5) .
DISCUSSION
Despite the relative ease of quantitating the burden of infection in patients with malaria compared with that in patients with bacterial and viral infections, there is very little information on the relationship between the concentrations of antimalarial drugs in plasma in vivo and the therapeutic response. The concentration-effect relationship has been studied extensively in vitro, but direct extrapolation from the in vitro to the in vivo situation cannot be assumed. In the artificial setting of ex vivo culture, malaria parasites are grown in nutrient medium in the absence of host cells or binding proteins, while the concentrations of the antimalarial drugs remain constant. In this in vivo pharmacodynamic assessment, it is assumed that whereas the absolute concentrations differ, the slope of the concentrationeffect relationship is the same in vivo or ex vivo. Estimates of the concentrations of cinchona alkaloids required in vivo for a therapeutic response in patients with malaria were first made in the classic series of studies conducted in the United States immediately following the Second World War (3). These early studies relied on an imprecise spectrophotometric assay for quinine and quinidine (which included all fluorescent metabolites and which therefore overestimated the true concentration) and were based on daily blood sampling. The infections were artificially induced by a single strain (3). Since then there have been no systematic attempts to relate the blood quinine concentration profiles with the subsequent therapeutic response in uncomplicated malaria. The pharmacokinetic properties of quinine in malaria are altered; in the acute phase of falciparum malaria there is a contraction in the apparent volume of distribution of quinine and a reduction in systemic clearance, which results in elevated concentrations in blood (13) . Increased levels of plasma protein binding reduce the free fraction in blood. This probably explains why the concentrations in plasma in the first days of treatment in the present study were higher in those with a slower resolution of fever and a slower clearance of parasites. In children, in whom the therapeutic response may be worse than that in adults because of a lack of background immunity, this decline in the concentrations in blood in the second half of the treatment course may lead to treatment failure (2) . This led to a suggestion 20 years ago that the dose of quinine in children should be increased by 50% in the second half of the treatment course (2) .
In this study the relationship between plasma quinine concentrations and the subsequent therapeutic response was examined by using data obtained prospectively from chemotherapeutic studies. In one of those studies, rifampin was combined with quinine in a therapeutic trial (6) . Rifampin, which alone has very weak antimalarial activity, resulted in a marked increase in systemic clearance, presumably by inducing hepatic cytochrome P450 and increasing biotransformation. This led to a reduction in quinine concentrations in blood and a high treatment failure rate. These data confirm earlier suggestions FIG. 4 . Cumulative cure rates for patients with P. falciparum malaria for whom the AUC 3-7 for quinine was Ն20 or Ͻ20 g ⅐ day/ml.
FIG. 5.
In vivo pharmacodynamics of quinine in falciparum malaria. The mean profile of the parasite burden in successfully treated patients declines logarithmically until total eradication(s) because the concentrations in plasma remain above the MPC (approximately 3.3 g/ml), whereas in patients with recrudescent infections, parasite killing (E) falls below maximal values after 48 h of treatment. A parasite multiplication rate of 1 per cycle results from average MICs of 0.7 g/ml at the end of the first week, and thereafter, the parasite multiplication rate (10 per cycle) is unrestrained (11) . that it is necessary to maintain concentrations of quinine, or indeed, any rapidly eliminated antimalarial drug, above the MPCs for the entire 7-day treatment course (14) . This is because parasite killing by quinine does not usually exceed 1,000-fold per asexual cycle (in this trial the mean value was estimated to be 250-fold), and therefore, it is necessary for the concentrations in plasma to exceed the MPC during four asexual cycles (8 days) in order to ensure eradication of any infection with Ն10 9 malaria parasites. In this small series, the profiles of the concentrations of quinine and its main metabolite, 3OH-Q (which has approximately 1/10 of the antimalarial activity of quinine), in plasma in the first 48 h of treatment were no different in patients who were cured and those whose infections recrudesced. Thus, maximum parasiticidal effects, and, therefore, maximum parasite killing, can be assumed in this first cycle of drug exposure. Thereafter, the profiles of the concentrations in plasma diverged and there were lower levels of quinine in the plasma of patients whose infections recrudesced. This suggested submaximal killing after the first asexual parasite cycle. The relationship between concentration and effect cannot be defined precisely in this small series because parasites were not taken systematically for in vitro culture. Therefore, in vitro data from a large series conducted in Thailand were used to provide an average slope for the linear portion of the sigmoid concentration-effect relationships. If it is assumed that the slopes of the in vivo and in vitro concentration-effect relationships were similar, these preliminary data allow fitting of the concentration-effect or dose-response curve to the observed profiles. For an unrestrained parasite multiplication rate of 10, then, an approximate MPC of 7.25 g/ml (the concentration giving 99.99% of the maximum effect) and an MIC of 0.7 g/ml can be deduced. As the concentrationeffect relationship is flat at the top of the sigmoid curve, concentrations much lower than the MPC still result in almost maximal parasite killing. For example, a concentration of 3.4 g/ml would be expected to give 99.9% of the maximum killing rate. Much higher concentrations would be required for these effects in severe malaria because of increased plasma protein binding and consequent lower concentrations of free drug. There is considerable variability in in vitro susceptibility between different parasite isolates (approximate IC 50 range in Thailand, 50 to 700 ng/ml). Furthermore, the values of the slopes for the concentration-effect relationship ranged from 1.9 to 5, with an average of 3 (1), and so these estimates based on a small number of treatment failures can be regarded only as rough approximations. The estimates were relatively sensitive to changes in slope and unrestrained parasite multiplication rate but were robust to changes in the maximum parasite killing rate (E max ). Taking an average value for plasma protein binding in uncomplicated malaria of 15% (5, 10) , this would suggest an in vivo average IC 90 (approximating the MIC) of 105 ng/ml for free quinine. If the true parasite multiplication rate was 6 per cycle and not 10 per cycle and the concentrationeffect slope increased from 3 to 3.5, the estimated MIC rises to 1.17 g/ml and the corresponding IC 90 is 176 ng/ml.
Overall these data confirm the importance of maintaining adequate drug concentrations in blood throughout a treatment course and ensuring that rapidly eliminated drugs are present at levels above the MPC in a nonimmune patient for four asexual parasite cycles (14) . In the case of quinine treatment in Thailand, this means a 7-day treatment course that provides concentrations in plasma of Ն6 g/ml throughout the treatment course to ensure a cure. This emphasizes the importance of providing an adequate treatment course and also complete adherence to the prescribed drug regimen in order to optimize cure rates.
